In this study we propose a novel integrated charcoal gasification and solid oxide fuel cell (SOFC) system, which is intended to produce electricity and heat simultaneously. This system mainly consists of an updraft gasifier using air and steam as the gasification agents, a planar and direct internal reforming SOFC and a low temperature gas cleanup system. The performance of this system is assessed through numerical modeling using a pre-developed and validated heat transfer model of the SOFC and thermodynamic models for the rest of the components. These models are used to simulate the performance of the cell and system for a case study. In addition, a parametric study is conducted to assess the effect of Reynolds number at the fuel channel inlet of the SOFC on the cell performance, e.g., fuel utilization and power density, and the system performance, e.g., electrical efficiency, exergetic efficiency, and power to heat ratio. The number of stacks is also calculated for different Reynolds numbers to discuss the economical feasibility of the integrated system. The results show that the electrical efficiency, exergetic efficiency and power to heat ratio of this system are 33.31%, 45.72%, and 1.004, respectively, for the base case.
INTRODUCTION
There has been a greater interest on alternative fuel and energy systems recently because of the depletion of fossil fuel and increasing concerns on global warming. Among these alternative systems, fuel cells are one of the most promising energy technologies of the future because of their merits such as high efficiency and low environmental impacts. There are various fuel cell types that basically differ from each other according to the type of electrolyte and fuel used, e.g., proton exchange membrane fuel cell (PEMFC), direct methanol fuel cell (DMFC), alkaline fuel cell (AFC), molten carbonate fuel cell (MCFC) and SOFC. Among these fuel cell types, SOFC and MCFC are known as the high temperature fuel cells.
The SOFC can be designed to operate between 5008C and 10008C. The high operation temperature provides several advantages to SOFC over the low temperature fuel cells such as usage of a wide range of fuel, e.g., methane, carbon monoxide, methanol, syngas, and ammonia, internal reforming of the gases, and integration to bottoming cycles, e.g., gas turbine and gasification systems. However, there are challenges with construction and durability. In addition, carbon deposition and sulphur poisoning can be problems depending on the fuel type. Carbon deposition is generally avoided by adjusting the steam to carbon ratio at the inlet of the SOFC, which can be done in two ways: sending external water vapor to the SOFC or recirculating the depleted fuel gas stream to the fuel channel inlet. A well-designed gas cleanup system should be used to eliminate the sulphur content of the fuel according to the SOFC's impurity tolerance level.
Charcoal is a substance that contains mainly carbon, as well as low quantities of volatile materials and ash. It is generally produced by the slow pyrolysis of biomass, e.g., wood, sugarcane waste, and municipal solid waste. The charcoal, a renewable replacement for coal, has much higher gravimetric energy density than biomass, resulting in its economic distribution. Gasification of this substance produces a gas with high heating value, so called syngas containing negligible impurities such as tars and sulphur. Therefore, the integration of SOFC with charcoal gasification can simplify the gas cleanup processes to reduce impurities that may cause fast performance degradation of SOFC. Different gasifiers can be used to produce syngas such as fixed bed, e.g., downdraft and updraft, and fluidized bed, e.g., bubbling, circulating and twin. Among these types, downdraft or updraft gasifiers are generally used for small-scale applications. In these applications, updraft gasifier can be preferred because of its simple design and very high carbon conversion efficiency, whereas downdraft gasifier can be advantageous because of its high exit temperature and low particulates at the exit. However, both of these gasifiers have scale-up and feed size-related limitations. Circulating fluidized beds can be preferable for large applications because of their advantages such as good temperature control and scale-up potentials, and greater range of tolerance to particle size. However, they have high levels of particulates at the exit and their cost is high.
The performance of integrated SOFC systems can be assessed through numerical modeling. The integration of SOFC with gas turbine cycles has been widely studied, e.g., [1] [2] [3] . There are also few studies on the modeling of integrated gasification and SOFC systems. For example, Kivisaari et al. [4] studied the feasibility of a 50-MW integrated system consisting of an entrained flow gasifier, a low temperature gas cleanup, a steam turbine and a high-temperature SOFC. Their results showed that the plant has 47% electrical efficiency and 85% fuel utilization efficiency. Kuchonthara et al. [5] analyzed an integrated system mainly consisting of a coal gasification system, a gas turbine system and a SOFC. They found that the cycle efficiency as high as 46% can be achieved. Panopoulos et al. [6] analyzed an integrated SOFC and allothermal biomass steam gasification system. They found the electrical efficiency of the system to be 36%. Cordiner et al. [7] studied the integration of a downdraft gasifier fueled with wood and a SOFC. The electrical efficiency of the system was calculated as 45.8%. Athanasiou et al. [8] studied the integration of a SOFC, steam turbine and gasifier system. The electrical efficiency of the system was found to be 43.3%.
In this study, a novel integrated charcoal gasification and SOFC system is proposed and then the performance of the cell, stack and system is assessed through a case study. The system consists of an updraft gasifier using air and steam as the gasification agents, a lowtemperature gas cleanup system and a planar and direct internal reforming SOFC. The performance assessment parameters are taken as electrical efficiency, exergetic efficiency and power to heat ratio. A parametric study is also conducted to study the effect of Reynolds number at the fuel channel inlet on the performance and economical feasibility of the system.
Description of the System
The proposed integrated SOFC and charcoal gasification system is shown in Figure 1 . In this system, it is assumed that charcoal is produced from slow pyrolysis of biomass in a separate system, and then it is fed to the integrated system. It should be noted that the pyrolysis of biomass is not considered in this study. The gasifier type is chosen as updraft and the gasification agents are taken as preheated air and steam. The heat necessary to increase the temperature of these agents is supplied from the depleted air and fuel streams of the SOFC. The syngas produced from the gasification is cleaned according to the impurity tolerance levels of the SOFC in the cold gas cleanup system. The temperature of the exit of the cleanup system, which is taken same as the temperature of the gasifier exit, is increased to the SOFC operating temperature using a heat exchanger. The SOFC is assumed to include many stacks according to its power requirement. The gas composition at the fuel channel inlet of the SOFC is controlled by anode recirculation to prevent the carbon deposition. If any carbon deposition problem is detected, the anode recirculation ratio is increased up to a point that this problem is avoided. Because there is some amount of unused fuel at the exit of the SOFC, an afterburner uses this unused fuel and increases the temperature of the exit gases from the SOFC. The exit of the afterburner has high enthalpy flow rate, which is sufficient to supply heat to several streams such as the gas streams exiting the gas cleanup system, the blowers and the pump through the heat exchangers and the heat recovery steam generator (HRSG) consisting of an evaporator and a superheater. Then, this stream is emitted to the atmosphere.
Modeling
The performance of the proposed integrated SOFC and charcoal gasification system is assessed using a heat transfer model for SOFC and thermodynamic models for the rest of the components. For the SOFC, a pre-developed and validated model developed by the author [9] is used. In this model, a transient quasi-2D approach is used to find the distributions of molar gas compositions, carbon activity and current density through the flow direction and the distribution of temperature at the flow and thickness directions. The continuity and heat transfer equations are applied to a control volume enclosing a repeat element found in the middle of a stack. It is assumed that the solid parts of this repeat element have adiabatic boundary conditions. All the heat transfer mechanisms, e.g., conduction, convection and radiation, and all the polarizations, e.g., ohmic, activation, and concentration, are considered in this model.
The syngas is assumed to be at chemical equilibrium at the exit of the reaction zone of the gasifier. Considering this assumption, six equations are solved simultaneously to calculate the syngas composition and the molar ratio of air to charcoal. These equations consist of atom balances for C, H and O, equilibrium relations for steam reforming of methane and water-gas shift reaction, and the energy balance around the control volume enclosing the gasifier. It should be noted that molar ratio of steam to charcoal is taken as an input parameter in the gasifier model. Thermodynamic principles and laws are applied to the rest of the components of the system to calculate the enthalpy flow rates of the streams, steam generated in the HRSG, work input to the auxiliary components, such as blower and pump, and the net power output of the system. Finally, the performance assessment parameters, which are taken as electrical efficiency, exergetic efficiency, and power to heat ratio, are calculated. These parameters are given in Eqs. 1-3.
CASE STUDY
As a case study, the performance of an integrated SOFC and charcoal gasification system is investigated using the input data given in Table 1 . The input for the gasifier is based on some preliminary design data of an updraft-bed gasifier produced by Alterna Energy. For the SOFC, the manufacturing type is selected as electrolyte-supported and the thicknesses of the cell components are taken accordingly. As a result of this selection, operating temperature of the SOFC is taken high enough, e.g., 8508C, to overcome the ohmic losses of the electrolyte. Thermomechanical considerations are taken into account in determining the excess air coefficient for the SOFC not to cause excessive internal stresses in the cell [9] . Reynolds number plays an important role on the performance of the system. For the base case, the value for this number is chosen low enough to get high fuel utilization. Discussions on the 
RESULTS AND DISCUSSION
In this section, the results and discussion of the case study are presented for the performance of the cell, and the performance and economical feasibility of the system.
Performance of the SOFC
The input parameters given in Table 1 are used for simulating the performance of the SOFC. The molar composition of the syngas, which is an input parameter in the SOFC model, is first calculated using the gasifier model. It is found that the syngas consists of: 0.53% CH 4 , 21.61% H 2 , 34.28% CO, 3.91% CO 2 , 3.14% H 2 O and 36.53% N 2 . Then the distributions of the current density and carbon activity of the SOFC are found using the heat transfer model of the SOFC for this syngas composition and the recirculation ratio of zero. These distributions are shown in Figure 2 . As can be seen in this figure, the carbon activities for all the locations are less than one, which means that there is no carbon deposition possibility; even we do not recirculate any depleted fuel. It should be noted that only thermodynamic equilibrium is considered in evaluating the carbon deposition problem. The current density distribution is also shown in this figure. This distribution shows that the current density has the highest value at the inlet and it decreases through the channel length. The average current density for the given conditions is 0.383 A/cm 2 . The molar compositions of the gas species found in the fuel channel of the SOFC are shown in Figure  3 . As can been seen in this figure, the methane content found in the syngas is fully consumed at a location that is very close to the inlet of the SOFC, and the molar compositions of the other gas species show a different trend until this location compared with the rest of the channel. This trend can be explained as follows. Steam reforming of methane reaction is considered kinetically controlled and it occurs until this location. After this location, the electrochemical and water-gas shift reactions are responsible for the change of the gas components.
The temperature distribution for a repeat element of the SOFC at the flow and thickness directions is shown in Figure 4 . As can be seen in this figure, the change of temperature at the thickness direction is not very significant mainly because of the effect of conduction heat transfer between the PEN, i.e., solid structure consisting of anode, electrolyte, and cathode, and the interconnects. In the flow direction, there is a sharp temperature drop because of the endothermic steam reforming reaction at the very inlet, and then the temperature increases as a result of the exothermic water-gas shift reaction and heat generated because of the polarizations.
It is also found from the simulation of the case study that the fuel utilization and power density are 0.866 and 0.249 W/cm 2 , respectively. For the required Figure 2 . Carbon activity and current density distribution. power from the SOFC, it is found that nine stacks are needed to generate this power.
Reynolds number is a non-dimensional number, which is a function of the mass flow rate, channel thickness and width and viscosity of the gas mixture, as shown in Eq. 4.
As the Reynolds number increases, molar flow rates of the fuel entering SOFC and hydrogen that is used in the SOFC increase, which in turn increases the average current density. In the modeling, because the cell voltage is assumed to be constant, power density becomes directly proportional to the current density; hence, the power density follows the same trend with the current density. On the other hand, the increase in molar flow rate of the fuel is higher than the molar flow rate of hydrogen used, hence fuel utilization decreases. These trends are shown in Figure 5 .
Performance and Economic Feasibility of the Integrated System Studied The performance assessment parameters, which are electrical efficiency, exergetic efficiency and power-to-heat ratio, are calculated for the base case. The electrical efficiency which compares the net electrical power output of the system with the lower heating value of the charcoal is found to be 33.31%. Exergetic efficiency evaluates the cogeneration system, taking into account both the quality and quantity of the energy forms. It is calculated that the proposed system has 45.72% exergetic efficiency. The final parameter, power-to-heat ratio, compares the amount of power to useful heat generated. This value is found to be 1.003.
The effect of Reynolds number at the fuel channel inlet on the performance of the integrated system is investigated. It is shown in Figure 6 that the lower the Reynolds number is, the higher the electrical efficiency is. This trend is mainly because the electrical efficiency of SOFC is directly proportional to the fuel utilization, hence the electrical efficiency of the integrated system shows the same behavior with that of the SOFC. In evaluating the efficiency of the cogeneration system in terms of all the useful outputs, i.e., work and heat, exergetic efficiency is used instead of the classical efficiency term that does not distinguish the quality of the energy forms. If the classical efficiency was used, there would not be a significant change on this efficiency with the change of Reynolds number because the unused energy in the SOFC would affect the steam generation rate, and the ratio of the summation of the quantity of the work and useful heat to the lower heating value of the fuel would not change significantly. Because the quality of the net electrical work output is higher than that of the useful heat output, exergetic efficiency is higher for higher power-to-heat ratio, which is shown in this figure. The main purpose of operating this system should be producing electricity rather than heat because of the high purchase equipment cost of the SOFC. Because of this, higher power to heat ratio is required for the operation, which is also obtained at lower Reynolds number for this system. On the other hand, because the power density is lower for low Reynolds number conditions, more SOFC stacks must be used to generate the same required power for these conditions as shown in Figure 7 . Using more SOFC stacks makes the integrated system less economically feasible because of the increase in the purchase equipment cost of the SOFC.
CONCLUSIONS
In this paper, an integrated novel charcoal gasification and SOFC system is proposed and its performance is assessed through numerical modeling. It is found that Reynolds number at the fuel channel inlet of the SOFC should be taken low enough to obtain high electrical and exergetic efficiencies for the system, but high enough not to increase the cost of the system significantly. This system is especially intended to be used in small-scale applications. For larger scale systems with a higher desired power to heat ratio, another power generating technology such as steam turbine should be added to this system, which is also expected to increase the performance of the integrated system. As a future study, the system proposed will be optimized to maximize the electrical and exergetic efficiencies, and minimize the cost of the products.
